Preparation of a fluorescent ZnO/h-SiO 2 nanoparticle was proposed using Zn(OAc) 2 with NaOH. It exhibited a strong yellow emission. The key factor was micropores (1.45 nm) in the SiO 2 shell. The bandgap energy of the ZnO was higher (3.24 eV) than that of commercial ZnO. An XPS analysis indicated the formation of oxygen vacancies in the ZnO.
Hollow SiO 2 (h-SiO 2 ) nanoparticles 1) are interesting materials which exhibit unique and unexpected performances such as an optical activity, 2) superior thermal insulation 3) , "easy-to-grip" coating, etc. According to our technique, the h-SiO 2 prepared via a solgel route using a calcium carbonate template showed micropores of less than 2-nm diameter in the shell 4) and its apparent shell density was controllable with the combined conditions of pH and reaction time. 5) Recently, a ten times higher thermal insulation has been achieved by the incorporation of h-SiO 2 in a polymer matrix. This achievement is beyond the theoretical value, thus it is thought that many defects exist in the SiO 2 shell, which could contribute to the decreased thermal conduction. The h-SiO 2 /polymer composite film additionally exhibited a high transparency in the visible wavelength region due to dispersion control and h-SiO 2 's transparency. 3) From view point of energy savings, the light emitting diode (LED) has been extensively studied. As a white LED, a yellow phosphor with a blue LED system is commonly used. Zinc oxide (ZnO) is known as a fluorescent material which has a wide bandgap (3.3 eV). 6) Recently, it was clarified that fluorescent emission including yellow was controllable by adjusting the drying condition of the layered zinc hydroxide without a rareearth compound. 7) For a strong emission, nano-sized ZnO with a high specific surface area is strongly required, however, nanoparticles easily aggregate which results in the performance degradation. As one of the solutions, a technique to use carrier particles in which the functional nanoparticles were immobilized was developed. Previously, selective tin dioxide (SnO 2 ) deposition inside/outside the h-SiO 2 shell using the shell microstructure's difference was reported.
8) The precursor preferentially interacts with the inside or outside SiO 2 shell depending on the microstructure.
5) Yamada et al. reported mesoporous hollow silica with an inner surface covered by TiO 2 . The selective decoration can be achieved by a highly-ordered mesoporous structure. The TiO 2 covered hollow SiO 2 showed a high photocatalytic activity compared to the TiO 2 covered dense SiO 2 . 9) In this study, preparation of the ZnO supported h-SiO 2 as a yellow phosphor was proposed. In order to obtain a high fluorescence and not degrade the hollow's performance, the ZnO nanoparticles should be uniformly dispersed on the SiO 2 shell.
The synthetic conditions were first optimized and the optical performances analyzed. How the desired structure formed was then discussed.
The h-SiO 2 nanoparticles were prepared using a calcium carbonate (homokaruD, Shiraishi Kogyo Kaisha, Ltd.) template. 10) Zinc acetate (anhydride) [Zn(OAc) 2 , 2.29 g]-ethanol (150 ml) solutions were added to the dried h-SiO 2 nanoparticles (200 mg) under vacuum and mixed for 15 min in the air. Sodium hydroxide (NaOH, 0.251.0 M)-ethanol (50 ml) solutions were added to the washed particles and mixed for 560 min. The suspensions were vacuum-filtered and vacuum-dried for 24 h. All the chemicals were purchased from Wako Pure Chemical Industries, Ltd. The obtained samples were observed by scanning electron microscopy in the transmission mode (STEM, JEOL Ltd.) and transmission electron microscopy (TEM, JEOL Ltd.) with energy dispersive X-ray spectroscopy (EDS) analysis, characterized by X-ray diffractometer (XRD, UltimaVI, Rigaku Corporation), Xray photoelectron spectroscopy (XPS) (Physical Electronics, Inc.), and inductively coupling plasma (ICP, SPS7800, Seiko Instruments, Inc.). Their fluorescent property was analyzed by PL spectrometry (FP-6500, Shimadzu Corporation). The bandgap energy was estimated from the Tauc plot and the particle size was calculated by the Brus equation based on the UVvis absorption spectrum (UV-3150, JASCO Corporation). As a reference, commercial ZnO (Wako Pure Chemical Industries, Ltd.) was analyzed in the same way. The micropore size in the SiO 2 shell was estimated by a t-plot, which is the experimental volume adsorbed as a function of the thickness of the adsorbed layer for each experimental relative pressure (BEL-Sorp max, BEL Japan, Inc.). Figures 1 and 2 shows the STEM and XRD of the ZnO/ h-SiO 2 composites with the various conditions of NaOH (0.25, 0.5, 1.0 M) and reaction time (5, 30, 60 min), respectively. The three vertical dashed lines in the XRD are the main peaks of wurtzite ZnO. The three peaks in the composites were rather broader than that of the (j) commercial ZnO which suggests a smaller ZnO formation. The peaks other than the wurtzite ZnO observed in (c) (f ) are still unknown, but it could be a Zncontaining crystal like layered zinc hydroxide. 7) A large number of NaOH (g) (i) tends to hide the ZnO.
The particulates seen in the STEM are ZnO or Zn-containing crystals. As shown in (b) (c) (d) (e), there is a range for the nano-sized ZnO uniformly dispersed on the h-SiO 2 shell. With a lower NaOH/time as shown in (a), the ZnO formation was not promoted. With an excess NaOH, a very thick ZnO layer formed on the shell (h) and nothing was formed as shown in (g) (i). In the latter case, a high amount of NaOH could dissolve the formed ZnO or ZnO dropped from the shell, and combined with the XRD results.
The PL spectra (ex. 350 nm) of the four samples in Figs Surprisingly, (dB) 0.5 M/5 min showed the highest yellow emission. The difference in the results is postulated to be due to the ZnO formation state and the h-SiO 2 's structural character. With less NaOH, ZnO formed on the outside surface rather than on the inside surface of the SiO 2 shell. The high intensity in (b) (c) seems to be affected by this high ZnO outside the SiO 2 shell.
On the other hand, with a rather high NaOH in (d), ZnO preferentially formed inside the SiO 2 shell. Some of the bare SiO 2 existed on the outside surface could scatter the emission from the ZnO. The PL detector could not analyze the entire emission due to its structural problem. With an increase in the time as (e), the further ZnO formation decreased the scattering. The details of the ZnO formation will be discussed below.
In these four samples [(b)(e)], (d) 0.5 M/5 min seems to be the optimum condition to obtain the desired yellow phosphor. Figure 4 shows (a) UVvis spectra and (b) Tauc plots of ZnO/ h-SiO 2 which was prepared with 0.5 M/5 min as the solid line. As a reference, commercial ZnO was analyzed in the same way and represented by the dotted line. The initial rise in the UV absorption [ Fig. 4(a) ] starts at less than 400 nm, and slightly shifted to a shorter wavelength compared to that of the commercial ZnO. From the Tauc plot [ Fig. 4(b) ], the bandgap energy and particle size of the ZnO were 3.24 eV and 6.98 nm, respectively. Figure 5 shows (a) TEM image and (b) EDS line profile analysis. Single nano-ordered ZnO with a wider bandgap was successfully prepared on the SiO 2 shell. Figure 6 shows the XPS spectrum of the O 1s of ZnO/h-SiO 2 which were prepared with 0.5 M/ The h-SiO 2 has a high specific surface area (205.45 m 2 /g) and micropores (1.45 nm) from the gas adsorption analysis, which is the key factor to obtain the desired ZnO/h-SiO 2 . When Zn(OAc) 2 /ethanol as the precursor solution was added in the dried h-SiO 2 , the solution penetrated into the hollow interior through the micropores with the help of force from a vacuum to air pressure technique. Even after filtering the suspension, the solution remains in the micropores and possibly in the hollow interior. During this time, much dissociated Zn 2+ ion adsorbs on the SiO 2 surface by an electrostatic force between them. There are many defects among the siloxane bonds, therefore, a sufficient adsorption seems to exist inside and outside the SiO 2 shell. The ratio of Zn/Si was determined to be 28.35/71.65 molar by ICP. In addition to ZnO on the shell surface observed by STEM, an invisible ZnO that is hidden by the SiO 2 shell seems to exist. The SiO 2 's microstructure provides a large reaction site for the ZnO dispersion and may work as a template to prevent the ZnO's unnecessary growth.
The main key factor for the fluorescent emission is having an oxygen vacancy in the formed ZnO. As mentioned in the introduction, the carrier h-SiO 2 has a transparency in the visible region. The attenuation of the emitted light from ZnO can be reduced. The achieved high emission is also due to the hollow's microstructures. The refraction between the micropores and SiO 2 frame occurs as well as between the hollow interior and the shell. In addition, phonon-phonon scattering due to defects among the siloxane bonds may contribute to the increased light scattering.
In summary, the ZnO/h-SiO 2 as a yellow phosphor was successfully synthesized using the h-SiO 2 carrier with micropores. The formed ZnO was nano-sized with a wide bandgap homogeneously dispersed on the SiO 2 shell. From PL and emission observed by visual contact, formation of ZnO in/inside the SiO 2 shell is calrified. An XPS study indicated formation of an oxygen vacancy in the ZnO. In addition, defects among the siloxane bonds in the SiO 2 shell could contribute to the light scattering.
